INTRODUCTION
A car travelling along a road is subject to unsteady crosswinds in a number of situations.
In windy conditions, for example, the natural atmospheric wind can exhibit strong lateral gusts.
Other situations such as tunnel exits or overtaking induce sudden changes in crosswinds, as well.
The response of aerodynamic side force and yaw moment to a sudden change in lateral wind can present transient effects and lead to a potential source of hazard for drivers [1, 2] . A common approach to predict these transient effects is based on the definition of the aerodynamic admittance function representing the ratio, in the spectral domain, between the side wind velocity turbulent components and the aerodynamic forces applying on a fixed body [3] [4] [5] [6] [7] . Despite being a reliable and well documented technique, this approach gives little information about the unsteady interaction between the flow and the vehicle.
A complete literature survey on experimental and numerical techniques available to simulate timedependent crosswind can be found in [7] [8] [9] [10] . The more realistic approach so simulate a wind gust on a ground vehicle consists in propelling a vehicle model on a rail trough the flow generated by a lateral wind tunnel [8, [11] [12] [13] . This approach has been recently studied numerically using large eddy simulation [14, 15] . Whereas nearly all the authors show transient force overshoot compared to yawed vehicle steady force, little concordant results have been presented on the evolution of forces as a function of time, especially when discussing the entrance in the gust. Another approach to simulate gust propagation on a vehicle is the moving side jet facility studied both experimentally and numerically [10, 16, 17] . The model is fixed to the ground and the main wind tunnel is classically used to simulate the streamwise vehicle motion while a moving side jet produces the wind gust. This facility has supplied reliable measurements of unsteady aerodynamic efforts without any noise due to rail vibration from which suffers the previous approach. Moreover, the application of time resolved Particle Image Velocimetry offers very interesting new perspectives in the interpretation of transient aerodynamic forces apparition in link with unsteady flow development along the vehicle, as announced in the recent paper of Volpe et al [10] . Nevertheless, this method limits the analyse to one given step of yaw angle, while it appears useful to investigate and compare cross wind effects in the whole yaw angle range potentially encountered on road, that is up to =30°.
The experimental method applied in the current study consists of a model rotation about the vertical axis in a uniform upstream flow [18] [19] [20] . This approach does not directly simulate the side gust of wind, but allows for the analysis of flow and load responses when exposed to a dynamic yaw of various oscillating frequencies and mean yaw angles. A phase shift phenomena in the aerodynamic loads on bluff bodies for simulation of dynamic rather than quasi-static variation in yaw angle was observed in [18] but with no detailed explanation on responsible mechanisms. A coupling between vortex shedding and model stability has been suspected as a potential mechanism but with no formal proof [19] . In another experiment the wake of an oscillating vehicle was shown to exhibit significant sensitivity to yaw unsteadiness, at least within the explored range, =-10° and =+10° [20] . Drag calculated from wake data presented a phase shift between the dynamic and static approaches. However, side force or yawing moment, that are more relevant quantities to qualify crosswind sensitivity, were not available. Unsteady wall pressure distribution was recently investigated on realistic vehicle geometry under small amplitude yawing motion [21] . The observed difference between unsteady and steady side loads was attributed to the rear side of the vehicle.
Recent numerical simulations of vehicle oscillation around the vertical axis offer new prospects in the interpretation of side loads unsteadiness in dynamic yaw ( [22] [23] [24] ). In other respects, unsteady bridge aerodynamics studies reported very similar phase shift between aerodynamic forces and instantaneous angle of attack [25, 26] . Both measurements and numerical model show that non-linearities of the mean aerodynamics forces affect the unsteady force response to angle of attack fluctuations.
The current study proposes to enrich the experimental data base with unsteady side force and yawing moment measurements associated to Particle Image Velocimetry flow fields. The experimental facility presented in [20] is used for two yaw ranges. For the "low" yaw range the flow does not present any lateral separation whereas for the "high" yaw range , vortical structures appear in the lee side ( [27] ) and interrupt the linearity of the yawing moment evolution with respect to the yaw angle, as shown later in figure 8 . It seems useful to analyze the role of these lee side structures and the corresponding yawing moment non-linearities in the dynamic lateral stability of vehicles.
EXPERIMENTAL SETUP

Wind tunnel characteristics
Measurements are performed in a closed loop wind-tunnel of ISAE (Institut Supérieur de 
Oscillating yaw device
The mechanism generating the yaw oscillation is constituted of a rod linking the turntable to the head of a step motor. The set-up generates an amplitude of yaw angle =20°. Different angular ranges can be obtained by using the rod fixation point on the turntable. Two distinct angular ranges are studied: and The motor rotation speed fixes the frequency f of the oscillations. Beyond the quasi-static movement reference case obtained at:
f=0.2 Hz, three frequencies are studied, i.e. f=1 Hz, f=2 Hz and f=4 Hz. The highest oscillation frequency corresponds to a reduced frequency . This normalized frequency is in the range of the smallest frequencies encountered on road [28] .
The movement (t) is measured by an angular probe and is plotted in figure 2 for f*=1.325x10
and demonstrating a close match with a pure sine function.
Model description
Dynamic yaw effects on flow structures and forces are performed on a simplified car model (figure 3). A complete description of the model, referred as "Willy", is given in [20] . The analytical definition of the body geometry can be downloaded at http://www.cnam.fr/laboaero/willy.htm. This squareback model presents a geometrical similarity to a mini-van type vehicle. Its rounded edges are showed to prevent any lateral flow separation for moderate yaw angle ( <15°). As a consequence, this model appears to be well adapted to crosswind studies ( [20, [22] [23] [24] 27] illustrates the front and rear load cell contributions when applying a point side force F calibration along the x axis. Balance accuracy is estimated to be within 2.5% for the side force and the moment data.
This balance and the model have been custom made to be both light and stiff in order to optimize the dynamic response. A balance dynamic calibration system composed of a mechanical shaker and a reference dynamic force transducer rigidly connected with the balance was applied to characterize the balance response frequency (figure 5, [29] ). Exited by a broad band white noise in the range 0-256 Hz, the balance system fixed inside the model showed to measure comparable side force as the reference transducer up to 47 Hz. However, during oscillating tests, a vibration originating from the plate motion was found to limit the exploitable frequency range of the balance system. Consequently, a low pass filter with a cut-off frequency of 17. 
RESULTS
Steady configuration results
Forces
Dynamic yaw angle
Dynamic forces measurements. The dynamic response of side force and yawing moment coefficients are presented in figures 13-14 for reduced frequencies ranging from 0.265x10 -2 to 5.3x10 -2 and compared to the corresponding static values. Figure 13 refers to the yaw angle range whereas figure 14 refers to the yaw angle range . In the following, "Forward motion" will refer to the motion from =-10° to =10° (or from =10° to =30°) while "backward motion" will refer to the motion from =10° to =-10° (or from =30° to =10°). The lowest reduced frequency f*= 0.265x10 -2 seems not very sensitive to the unsteadiness of and can be considered as "quasi-static" Effectively, for this very low oscillating frequency, the side force and yawing moment coefficients measured in the forward and backward motion are very similar to the corresponding static values. For other frequencies, 13 C y ( ) and C N ( ) exhibit an aerodynamic hysteresis loop around the static curves. These hysteresis loops highlight a de-phasing of dynamic curves compared to static curves that grows with the oscillation frequency. The phase lag is calculated for C y curves with and C N curves with. . Positive is associated to a delay of dynamic coefficients in forward motion and an advance in backward motion. The observed always corresponds to a delay of the dynamic coefficient compared to the static coefficient ( figures 13, 14, 15) . increases with the frequency and reaches 3° for the lower yaw angle range at f*=5.3x10 -2 . Although the side force coefficient presents a similar behavior for the larger yaw range ( ), the yaw moment coefficient exhibits a stronger phase lag between 20 and 30°: for f*=5.3x10 -2 , 2 peak phase lag of 5° are observed around 28° both in forward and backward motion ( figure 15 ).
Unsteady yaw angle effects on velocity fields. Synchronisation of PIV measurements at a
given yaw angle allows the comparison of velocity fields in forward and backward motions.
Considering the same horizontal PIV plane Z/Lref=0.45 as in figure 11 , the curvilinear velocity distribution is plotted, distinguishing the forward and backward motions, at f*=5.3x10 -2 and = 20°, along with the reference static case ( figure 16 ).
It appears interesting to point that the longitudinal velocity differences between forward and backward motion are more pronounced in the pressure recovery area ( ) whereas they are not visible in the acceleration area ( ) and weak in the velocity peak area ( ).
The PIV cross-flow planes on the rear end of Willy (X/Lref=0.5) are presented in figure   17 , for the dynamic case f*=5.3x10 -2 and the static case, for =28°. Unsteadiness of leads to a change in longitudinal structures identified on the leeward side: structures visualized in the forward motion present intensities and position equivalent to a smaller static yaw angle whereas structures visualized in the backward motion present intensities and position equivalent to a larger static yaw angle. These observations highlight a delay of longitudinal structures compared to the static case.
DISCUSSION AND PERSPECTIVES
The two tested oscillating cases present a delay in side force and yaw moment response for f*>0.265x10 -2 compared to the static case. These two cases differ from the yaw angle ranges: the lower range does not exhibit any leeward vortical structures (see the static cross flow planes in figure 10 ) whereas upper and lower vortical structures are present on the leeward side for the upper range from =15°. The role of these lateral structures in the dynamic response of aerodynamic efforts can then be discussed.
Even in absence of any lateral vortical structure ( <15°), the delay can reach 3° on C y and C N and f*=5.3x10 -2 ( figure 15 ). Analyzing velocity fields, this delay seems to originate from the pressure recovery area ( figure 16 ). This point is confirmed by the relative side force measured by the front and the rear load cell of the balance. It clearly appears that the side force coefficient is dominated by the front part contribution but that the rear part is more sensitive to the unsteadiness of the yaw angle and presents stronger phase lag than the front part ( figure 18 ). One can note that surface pressure measurements on a realistic model indicate similarly that the delay between quasi steady and unsteady loads originates from the rear part of the vehicle [21] . Velocity fields do not present a uniform sensibility to unsteadiness: the delay seems to originate from the pressure recovery area. Moreover, lateral vortical structures increase the delay for the studied squareback model. It is believed that the role of lateral vortical structures will be more pronounced on fastback models, hypothesis to be confirmed with further studies.
LIST OF FIGURES figure 1.
Experimental test bench: elevated floor and turntable dispositive. 
